Abstract-The mechanical property and geometry changes as a result of cardiovascular disease affect both the wall motion and blood flow in the heart and vessels, whereas the latter two are also coupled and therefore continuously influence one another. Simultaneous and registered imaging of both cardiovascular wall motion and blood velocity may thus contribute to more complete computational models of cardiovascular mechanical and fluid dynamics as well as provide additional diagnostic information. The objective of this paper was to determine the feasibility of imaging cardiovascular wall motion coupled with blood flow in vivo. Normal (n 5 6) and infarcted (n 5 5) murine left ventricles, and normal (n 5 5) and aneurysmal (n 5 4) murine abdominal aortas, were imaged in longitudinal views with a 30-MHz ultrasound probe. Using electrocardiogram (ECG) gating, 2-D radio-frequency (RF) data were acquired at a frame rate of 8 kHz. The axial wall velocity and blood velocity were estimated using a speckle-tracking technique. Spatially and temporally registered imaging of both cardiovascular wall motion and blood flow was shown to be feasible. Reduced wall motion was detected in the infarcted region, whereas vortex flow patterns were imaged in diastolic phases of both normal and infarcted left ventricles. The myocardial wall motion and blood flow were found to be more synchronous in the normal heart, where the blood moves toward the anteroseptal wall after the mitral valve opens (i.e., rapid filling phase), and the anteroseptal wall simultaneously undergoes outward motion. In the infarcted heart, however, in the rapid filling phase, the basal anteroseptal wall starts moving about 20 ms before the mitral valve opens and the blood enters the left ventricle. In the normal aorta, the wall motion and blood velocity were uniform and synchronous. In the aneurysmal aorta, reduced and spatially varied wall motion and vortex flow patterns in the aneurysmal sac were found. The wall motion and blood velocity were thus less synchronous in the aneurysmal aorta. Cardiovascular wall motion and blood flow were both imaged in mice in vivo. This dual information may provide important insights for the diagnosis of cardiovascular disease as well as essential parameters for its biomechanical modeling.
INTRODUCTION
The mechanical property and geometry changes as a result of disease may affect both the wall motion and blood flow. The ischemic or infarcted myocardium undergoes insufficient or no active contraction and thereby wall motion abnormalities such as hypokinesis, akinesis and dyskinesis (Feigenbaum et al. 2005) . The ischemia or infarction also affects the pressure and volume of the left ventricle (LV) and thus alters the blood velocities and patterns (Rivas et al. 1976 ). In the case of abdominal aortic aneurysms (AAAs), a frequently silent and therefore lethal disease of the older population, Brekken et al. (2006) found that the local strain values may exceed the circumferential average strain significantly. In a mouse model of AAAs, the wall motion and pulse wave propagation are spatially nonuniform, probably because of the increased inhomogeneity of mechanical properties (Luo et al. 2009a) . In vivo studies also showed the formation of a flow vortex in the abdominal aneurysm (Sugimoto et al. 1994 ).
The cardiovascular wall motion and blood flow are also coupled and influence one another. Because blood is incompressible, blood flow in the heart lumen or arterial lumen must accompany regional wall motion during the cardiac cycle. It is therefore reasonable to believe that alterations in regional wall motion may have an impact on the regional blood flow. By combining left-ventricular color flow with separately performed tissue Doppler imaging in the heart, a strong inverse linear correlation between intraventricular blood velocities and tissue velocities from midseptal segment during isovolumic relaxation was reported (Edvardsen et al. 2005) . This relationship was also found between the apical septal velocities and the flow (Edvardsen et al. 2005) .
In biomechanics, numerous efforts have concentrated on the fluid-solid interaction (FSI) and coupling (Egelhoff et al. 1999; Krittian et al. 2010; Vappou et al. 2008; Watanabe et al. 2002 Watanabe et al. , 2004 . The FSI is a crucial step in biomechanical modeling and couples computational fluid dynamics (CFD) in fluids and finite-element analysis (FEA) in tissues. The fluid and structural mechanics systems are usually coupled at the interface by the kinematic and dynamic conditions, which define the velocity, pressure and/or other parameters of the fluid and structural nodes at the interface to be the same. Simultaneous and registered imaging of both cardiovascular wall motion and blood velocity may contribute to more complete computational models of cardiovascular wall and fluid dynamics and increase the understanding of their interaction (Wan et al. 2010; Wise et al. 2005) as well as provide additional diagnostic information.
Different methods, including frequency (or, phase) domain-based tissue Doppler and time (or, spatial) domain-based speckle-tracking methods, have been developed and clinically used to estimate the wall motion and deformation of the heart and artery in normal and pathological cases in vivo (de Korte et al. 2000; Konofagou et al. 2002; Maurice et al. 2005; Sutherland et al. 2004 ). On the other hand, blood flow is routinely measured in the clinic. Techniques for blood flow measurement include pulsed Doppler, power Doppler and color flow imaging (i.e., color Doppler), based mainly on estimation of frequency shift or phase shift caused by the Doppler effect (Hoskins 1999) . In color flow imaging, in addition to the conventional and widely used frequency domain auto-correlation (Kasai et al. 1985) , time domain cross-correlation and other methods have also been developed as alternative approaches, offering aliasing free velocity detection and angleindependent capability (Bonnefous and Pesque 1986; Shariati et al. 1993; Trahey et al. 1987) .
Estimation of the wall motion and blood flow in the carotid artery using ultrasound methods has recently been of clinical interest. In Bambi et al. (2004) , two ultrasound beams were separately steered at different angles for the wall and blood; echoes generated from the walls and from the blood were independently processed to obtain both blood flow and wall motion of the common carotid artery, and to further estimate the wall shear strain and distensibility. Tortoli et al. (2006) improved the system by dividing a linear array probe into two subapertures to simultaneously estimate the blood flow and wall motion. Balocco et al. (2010) used the blood flow and wall motion data obtained by this system and estimated the viscoelastic properties of vessel wall. In these approaches, only two M-mode or Doppler beams were considered. In Hasegawa and Kanai (2008) , the radial strain of a human carotid arterial wall and blood flow were simultaneously imaged in vivo by using ultrasonic radiofrequency (RF) echoes acquired at a high frame rate (3500 Hz) with parallel beamforming. Wan et al. (2010) acquired the RF data in a limited field of view at a frame rate of 111 Hz and simultaneously imaged the blood flow, wall motion and strains in the human carotid artery.
In the field of magnetic resonance imaging (MRI), several methods have been developed to image both the wall motion and blood flow of the heart. Sampath et al. (2008) obtained simultaneous measurements of 1-D myocardial displacement and lumen blood flow in normal humans and pathological pigs with moderate ischemic mitral regurgitation using an MRI technique of spatial modulation of magnetization with encoded gradients for gauging speed. The findings demonstrated multiphase correlated measurements of myocardial motion and lumen blood flow. The obtained myocardial displacement and blood flow may be useful in the planning and evaluation of mitral valve repair procedures. Wise et al. (2005) estimated simultaneously the blood flow patterns and ventricular wall velocities in the rat heart using phasecontrast MRI. The main limitation of the MRI methods lies in the low temporal resolution. Typically, the measurements in Wise et al. were limited to 12 time points per cardiac cycle.
Mouse models are becoming increasingly popular in cardiovascular research, not only because mice are low cost and widely available for their easy breeding, short reproductive cycle (10 weeks), short time of pregnancy (19 days) and numerous offsprings (5 to 10 newborn mice from one pregnancy), but also because it is now easier to construct mouse models through genetic modifications (such as gene mutation and knockout), surgery or pharmacologic manipulation (Breslow 1996; Daugherty and Cassis 2004; Tarnavski et al. 2004 ). In addition, 99% of mouse genes have homologues in man, and many homologous genes have identical functions in mouse and human (Waterston et al. 2002) . As a result, anatomy, physiology and metabolism are similar and genetic disease pathology can be very similar (Waterston et al. 2002) . Therefore, mouse models are suitable in mimicking human pathological processes.
Echocardiography with 10-15 MHz linear arrays has been used to image the left-ventricular anatomy and assess myocardial function in different mouse models (Derumeaux et al. 2008; Kanno et al. 2002; Patten et al. 1998; Peng et al. 2009; Thibault et al. 2007 Thibault et al. , 2009 ). The small size of mouse tissues (e.g., size of the heart ,8 3 6 mm 2 , diameter of the abdominal aorta ,1 mm) and rapid heart rate (300 to 600 bpm) (Wehrens et al. 2000) require an imaging modality with both high temporal and high spatial resolution capability. High-frequency (20 to 75 MHz), small animal ultrasound systems have recently become commercially available. To overcome frame-rate limitations in high-frequency systems, the retrospective electrocardiogram (ECG) gating and prospective ECG triggering techniques have been developed (Cherin et al. 2006; Ketterling and Aristizabal 2009; Liu et al. 2006 ). Based on a highfrequency (30 MHz) Vevo 770 system (VisualSonics Inc., Toronto, ON, Canada) and the retrospective ECG gating technique, our laboratory has developed a highframe-rate (8 kHz) RF data acquisition system ) that allows us to estimate the minute motion, deformation and rapid wave propagation in the mouse heart Luo et al. 2007a; Luo and Konofagou 2008; Pernot et al. 2007 ) and abdominal aorta Luo et al. 2009a) with simultaneously very high temporal and spatial resolution. Two-dimensional speckle tracking on B-mode images at high frame rates (1 kHz) were also used to estimate myocardial motion in mice (Li et al. 2007a) , whereas estimation methods for flow imaging with high-frequency ultrasound images were studied in Aoudi et al. (2006) and Marion et al. (2010) . Doppler techniques have been used in mice in difference applications (Reddy et al. 2005) . Hartley et al. (1995) measured the ascending aortic blood velocity in mice using a 20-MHz pulsed Doppler ultrasound. In a pioneering study they also obtained Doppler signals simultaneously from both the walls of mouse carotid arteries and the blood flow using one or two probes, and estimated the blood velocity, near and far artery wall motion and net diameter change and wall velocity (Hartley et al. 2004a) . In that paper, the blood velocity and wall displacement, diameter or velocity waveforms are typically shown (Hartley et al. 2004a) .
High-frequency (15 to 50 MHz), linear-array transducers have recently become commercially available (Vevo 2100, VisualSonics Inc.) (Foster et al. 2009 ). The linear-array transducers provide uniform high resolution maintained over the full field of view. The Vevo 2100 system provides 2-D speckle tracking in the VevoStrain software for myocardial wall motion (and deformation) assessment, and color Doppler mode for flow imaging. With these two modes, the wall motion and blood flow could be obtained separately. However, without the use of ECG gating, the frame rate of the 2-D data stays below 400-500 Hz for the full view of a mouse LV, which, to our knowledge, may be limited in regards to the optimal performance of transient motion and deformation analysis in mice (Luo et al. 2007b) .
The objective of this study is to demonstrate the feasibility of imaging wall motion coupled with blood velocity in murine heart and vessels in vivo, which may provide important information for fluid-solid interaction and coupling and for diagnosis of cardiovascular disease.
In this work, we aimed for 2-D imaging of both the wall motion and blood velocity in mice with the use of ECG gating, which provides additional, and potentially helpful, spatial and functional information. The RF data of myocardial wall and heart lumen or abdominal aortic wall and lumen, were used to estimate both the wall motion and blood flow. Because identical frames of RF data were used, these two measurements were automatically registered, both spatially and temporally. At each lateral location, the two measurements were obtained at the same time (i.e., simultaneously). Because of the use of ECG gating, however, the measurements at different lateral locations were not obtained at the same time. Therefore, throughout this paper, the term simultaneous imaging indicates that the same RF data were used to estimate both the wall motion and blood velocity, and these estimates at each lateral location were obtained at the same time.
METHODS

Animal preparation
Brown C57-BL6 wide-type mice (Charles River Laboratories, Wilmington, MA, USA) were anesthetized with an inhaled mixture of 2% isoflurane (AErrane, Baxter Healthcare Corp., Deerfield, IL, USA) and oxygen (Tech Air of Connecticut, Inc., White Plains, NY, USA) by using an isoflurane vaporizer (Model 100, SurgiVet, Inc., Waukesha, WI, USA), with the approval from the Institutional Animal Care and Use Committee (IACUC) of Columbia University. The hair over the chest or abdomen was removed. The mice were placed supine on a heating platform (THM100, Indus Instruments, Houston, TX, USA) to maintain a constant body temperature (approximately 37 C). The ultrasound probe was placed on the mouse chest or abdomen using degassed ultrasound gel (Aquasonic 100, Parker Laboratories Inc., Orange, Fairfield, NJ, USA) as a coupling medium. Care was taken to avoid the formation of air bubbles in the gel. The ECG was obtained from the electrode pads on a heating mouse platform (THM100, Indus Instruments).
In the myocardial infarction (MI) model, an anterolateral and anterior infarct MI was induced through permanent ligation of the left anterior descending (LAD) coronary artery in mice after left-sided thoracotomy (Kumar et al. 2005; Tarnavski et al. 2004 ). Mice were initially anesthetized using isoflurane (1 to 5% mixture with 100% oxygen). After subcutaneous administration of 0.1 mL of 0.1% lidocaine, a left thoracotomy was performed in the fourth intercostal space and the heart was exposed. Proximal LAD coronary artery was ligated at the site just below the inferior edge of the left atrium with use of 8-0 nylon suture. The chest wall was then closed with the interrupted suture of 5-0 silk and skin was closed with continuous suture of 5-0 nylon. The MI mouse was scanned 1 day after ligation.
In the AAA model, a subcutaneous osmotic minipump (Alzet model 2004, Durect Corp, Cupertino, CA, USA) was implanted into the mice to deliver a slow release of AngII (1.44 mg/kg/d) (Deng et al. 2003) . The mice were anesthetized with subcutaneous administration of 0.1 mL of 0.1% lidocaine. Using sterile techniques, a subcutaneous pocket was generated in the back above the scapular region and the osmotic minipump (Alzet model 2004) was then placed in this pocket. These pumps contained Angiotensin II in dosages previously described. The muscles and skin were then closed using 5-0 absorbable and nylon sutures. The mice were scanned 28 days after pump implantation.
RF data acquisition
The high frame-rate data acquisition system previously developed ) was used. A 30-MHz ultrasound probe (RMV-707B, VisualSonics Inc.) was placed on the mouse chest in the parasternal position to obtain a longitudinal (long-axis) view of the LV of the heart, or on the abdomen, to obtain a long-axis view of the abdominal aorta in the suprarenal region. The field of view was equal to 12 3 12 mm 2 , and the axial and lateral image resolutions of the probe (30 MHz) were equal to 55 and 115 mm, respectively. In the ECG-based kilohertz visualization (EKV) mode provided by the imaging system (Vevo 770, VisualSonics Inc.), the transducer worked on a line-by-line basis (i.e., multiple M-mode). The transducer transmitted and received at a pulse repetition frequency (PRF) of 8 kHz at each position of the transducer. The data acquisition was triggered by the synchronization signal of RF lines, which indicated when the transducer transmitted the ultrasonic pulses. A two-channel, 14-bit waveform digitizer (CompuScope 14200, Gage Applied Technologies Inc., Lachine, QC, Canada) was used to simultaneously acquire the RF signals of the ultrasound transducer and the associated ECG at 200 MHz and 8 kHz, respectively. Onehundred eighty to 192 RF lines were acquired over the entire field of view. Each acquisition lasted approximately 7 min. After data acquisition, the acquired RF signals were gated between two consecutive R-waves in the ECG to reconstruct the RF image sequence for a complete cardiac cycle at the extremely high frame rate of 8 kHz (Luo et al. 2007a; Luo and Konofagou 2008; Pernot et al. 2007 ). The reader is referred to previously published work (Luo et al. 2007a (Luo et al. , 2009a Luo and Konofagou 2008; Pernot et al. 2007 ) for further details of the data acquisition protocol.
Six (n 5 6) normal hearts, five (n 5 5) infarcted hearts, five (n 5 5) normal aortas and four (n 5 4) aneurysmal aortas were chosen from our database. Two main criteria were used for the selection of the datasets. First, the angles between the radial direction of the heart/aorta and the axial direction of the ultrasound beam was approximately [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , thus allowing for the estimation of both wall motion and blood velocity, as will be discussed later. Second, the echogenicity in the heart lumen or aortic lumen should be high enough for the blood velocity estimation using the speckle-tracking method. The sonographic signal-to-noise ratio in the blood is typically very low. The datasets with relatively high signal intensities in the blood were included in the sample selected. In addition, the B-mode cin e-loop was used to define the timing of the mitral valve opening or aortic valve opening. Therefore, another criterion for data selection was the appearance of the valves.
Wall motion and blood flow estimation
The axial wall velocity of the myocardium or aortic wall and blood velocity in the LV or aortic lumen were estimated off-line from the same RF data acquired, using a time-efficient, 1-D normalized cross-correlation technique described elsewhere . The window size was equal to 480 mm, and the window overlap was equal to 95%. The wall velocity and blood velocity estimates were minimally smoothed by a 3 3 3 median filter to remove any peak hopping errors. The rigid motion induced by respiration was removed by subtracting the velocity of the surrounding tissue above the wall from the velocity of the wall and blood.
Both the wall velocity and blood velocity were color-coded and superimposed onto the grayscale B-mode images using an overlay blending mode (Bunks 2000) . Because of the significant difference between the wall and blood velocity ranges, the scale of the blood velocity data was 10 and 40 times higher than that of the wall velocity data in the heart and aorta, respectively.
RESULTS
Heart
Figure 1 depicts the 2-D images of wall velocity and blood velocity of a normal and an infarcted heart in the systolic phase after the aortic valve opens. The wall velocity in the apical region of the infarcted hearts is shown significantly lower, because of the apical infarction (Luo et al. 2007a) . The flow near the basal region and the aorta is consistently negative and positive for the normal and infarcted cases, respectively. Considering the orientation of the heart in the images and the location of the aortic valve, these results demonstrate that the flow is directed to the aortic valve in both cases, in accordance with the systolic phase. The flow near the apical region of the infarcted heart is smaller, most likely owing to the angle dependence of the method. Figure 2 shows the 2-D images of wall velocity and blood velocity in a normal heart during the diastole (a) before and (b-d) immediately after the mitral valve opens, i.e., during the isovolumic relaxation and rapid ventricular filling phases, respectively. The timing of the mitral valve opening was determined by carefully observing the B-mode cin e-loop (Video 1). Before the mitral wave opens, both the wall velocity and blood velocity are relatively small (a). After the mitral wave opens (c-d), the blood moves from the left atrium to the LV, whereas the left-ventricular myocardium relaxes. Therefore, both the wall velocity and flow increase rapidly, as shown in (c-d). Figure 2d also shows a negative flow region in the middle of the lumen, opposite from the strong positive flow near the basal level. This may suggest the formation of a flow vortex, which is confirmed on the B-mode cin e-loop. The formation of a vortex in the diastolic phase can increase the efficiency of the fast filling phase (Gharib et al. 2006; Krueger and Gharib 2003) . Figure 3 depicts the 2-D images of wall velocity and blood velocity in an infarcted heart during diastole, (a) before and (b-d) immediately after the mitral valve opens, i.e., isovolumic relaxation and rapid ventricular filling phases, respectively. The timing of the mitral valve opening was determined by the B-mode cin e-loop (Video 2). Similar to the normal case, the blood velocity is relatively low before the mitral valve opens. Both the flow and wall velocity increase after the mitral valve opens. The opposite flow near the basal and apical regions also suggests the formation of a flow vortex. Similar to the systolic phase (Fig. 1) , the wall velocity in the apical region is shown significantly lower in the infarcted hearts (Fig. 3 ) than in the normal heart (Fig. 2) . In Fig. 3a , however, the wall motion near the base is relatively high, compared with the flow, although the valve is still closed. This indicates that the increased wall motion occurs earlier than the increased flow in the infarcted case. Figure 4 shows the M-mode images of wall velocity and blood velocity of the (a) normal and (b) infarcted hearts. The M-mode data were acquired in the locations near the mitral valve indicated by the dashed line in Figs. 2 and 3 . In the normal case (Fig. 4a) , both the wall velocity and blood velocity increase in the rapid filling phase (i.e., after the mitral valve opens). In other words, the wall motion and blood flow are synchronous in the diastolic phase. In the infarcted case (Fig. 4b) , however, the wall velocity starts increasing before the mitral valve opens (i.e., isovolumic relaxation phase), whereas the blood velocity starts increasing after the mitral valve opens (i.e., rapid filling phase). The time delay between the blood velocity and wall velocity onsets was approximately 20 ms. This phenomenon is also confirmed in all remaining five normal and four infarcted hearts. In the normal (n 5 6) and infarcted (n 5 5) hearts, the time delays were 0.3 6 0.8 ms and 21.2 6 1.9 ms (mean 6 standard deviation), respectively. A significant difference (p , 0.001) was found between the normal (n 5 6) and infarcted (n 5 5) hearts. Figure 5 illustrates the M-mode images of the correlation coefficients in the motion estimation of the normal and infarcted hearts. As shown, the correlation in the wall is significantly higher then that in the lumen. The correlation of the lumen is the lowest in the rapid filling phase because of the highest blood velocity. The correlation coefficient is mostly higher than 0.95 and 0.85 in the wall and lumen of the normal heart, respectively. The correlation coefficient is mostly higher than 0.9 in the wall of the infarcted heart, and is lower but still higher than 0.5 in the lumen. Figure 6 depicts the 2-D images of the wall velocity and blood velocity of the normal suprarenal abdominal aorta during the propagation of the pulse wave (Luo et al. 2009a) in the systolic phase. After the aortic valve opens, the blood is ejected from the LV into the aorta. As a result, both the blood velocity and the diameter of the lumen increase. As shown, the wall motion and blood velocity are synchronous. The low blood velocity near the rightmost and leftmost regions is mainly caused by the angle dependence of the method. Figure 7 illustrates the wall and blood velocity waveforms of the normal aorta over one cardiac cycle (from one R-wave peak to the next R-wave peak). The waveforms correspond to the regions, indicated by circles in Fig. 6d . The waveforms of the wall velocity and blood velocity are similar to some extent. In particular, the temporal onsets of the wall motion and blood velocity increase are identical. The synchronicity between wall velocity and blood velocity was found in all remaining four normal aortas. The temporal location of the maximum wall velocity occurs earlier than that of the maximum blood velocity, which is in agreement with finding in Hartley et al. (2004b) . Figure 8 shows the 2-D images of wall velocity and blood velocity of the aneurysmal suprarenal abdominal aorta. In accordance with our previous results (Luo et al. 2009a) , the wall velocity in the aneurysmal aorta is lower than, and not as uniform as, in the normal case, probably because of the regional stiffening and increased inhomogeneities of the wall properties and geometry. The flow and thrombus observed in the proximal region of the aneurysm sac may also have influenced the wall motion. Opposite flow patterns are found in the sac of the aneurysm, which may suggest the formation of a flow vortex, also confirmed on the B-mode cin e-loop. Figure 9 compares the wall and blood velocity waveforms of the aneurysmal aortas in one cardiac cycle. The waveforms are selected from the regions indicated by circles in Fig. 8d . Unlike in the normal case, the wall motion and blood velocity in the aneurysmal case are not synchronous. It appears that the onset of the wall motion occurs 7 ms earlier than that in the blood velocity. The synchronicity between wall velocity and blood velocity waveforms is significantly reduced in the aneurysmal case than in the normal case. In addition, the negative flow of the distal region (Fig. 8 ) may suggest the formation of a flow vortex inside the saccular region of the aneurysm. The asynchrony between wall velocity and blood velocity as well as opposite flow patterns was found in another three aneurysmal aortas. The delays between wall velocity and blood velocity onsets were 1.2 6 0.5 ms and 8.2 6 2.6 ms (mean 6 standard deviation) in the normal (n 5 5) and aneurysmal (n 5 4) aortas, respectively. A significant difference (p , 0.001) was found between normal (n 5 5) and infarcted (n 5 4) aortas.
Aorta
DISCUSSION
In this paper, both the wall motion and blood velocity of the mouse LV and abdominal aorta were imaged using cross-correlation on ultrasound RF data acquired at high frame rates. These data may be used as initial input or used to validate the simulation results of biomechanical models with wall-flow interaction, as opposed to exclusive models of either blood flow or wall motion alone.
In addition to information provided by either wall motion or blood velocity alone, images of both may provide complementary information for diagnosis. Different results were shown in normal and pathological cases in this study. The time delay between the onsets of the wall motion and the blood velocity in the heart (Fig. 4) may indicate the presence of MI. In the infarcted heart, the remote myocardium near the base may need to undergo larger motion in the systolic phase to compensate for the low contractility of the infarct (as shown in the M-mode image in Fig. 4b compared with Fig. 4a ). The remote myocardium may thus be in an unsteady state in diastole and reduce the coupling between the wall motion and the blood flow. These diastolic phenomena represent a sudden localized outward motion of a portion of the left ventricular wall that has been observed to occur during the isovolumic relaxation phase of the cardiac cycle, known as segmental early relaxation or asynchronous relaxation (Gaasch et al. 1985) . The B-mode cin e-loop and blood velocities were used to determine the isovolumic relaxation and rapid filling, whereas the delay between the wall motion and blood velocities confirm these asynchronous relaxation phenomena. Therefore, imaging of both the wall motion and the blood velocity provides a unique opportunity to investigate such phenomena and other abnormalities. The similarity between the wall velocity and blood velocity waveforms in the normal aorta (Fig. 7) lies in the fact that both are related to the pressure. Wall velocity is related to the time derivative of pressure, whereas blood velocity is related to the spatial derivative of pressure along the vessel (Nichols and O'Rourke 2005) . In the normal aorta where the vessel geometry and mechanical properties are relatively uniform, these two derivatives were somehow dependent. Because of this similarity, as suggested by Hartley et al. (2004b) , the potential exists to use velocity in place of flow (and diameter in place of pressure) to study arterial mechanics, vascular impedance and wave reflections in mice. Further studies with simulations should be performed to better unveil the underlying mechanisms.
The asynchrony between the wall motion and blood flow may also suggest abnormality in the aorta. The results of vortex formation and location were in good agreement with simulation results (Taylor and Yamaguchi 1994) , experimental results in the abdominal aortic aneurysm models of straight tubes with an asymmetric bulge (Yu 2000; Yu and Zhao 2000) and in vivo results in humans (Sugimoto et al. 1994) . The coupling between the wall and the flow is weaker in the AAA, i.e., their onsets were not registered temporally, probably because of inhomogeneous wall properties and geometry as well as complex flow patterns. Imaging of both wall motion and blood velocity may thus provide further insight in the complex nature of AAA, in particular, in the interaction between wall and flow.
A critical requirement of imaging of both the wall motion and blood velocity is acquisition of the highframe-rate data. In Doppler-based or frequency-domain methods, a minimum PRF, which is equivalent to the frame rate for data processing, is required to avoid phase aliasing and thus allow for accurate estimation of high blood velocities. In color flow imaging and other Doppler techniques, the PRF is typically on the order of a few kilohertz. It is worth mentioning that the PRF used in humans and mice is on the same order of magnitude, probably caused by a similar range of maximum blood velocity (on the order of 10 to 100 cm/s). In time-domain methods such as speckle tracking, a high frame rate can increase the similarity between consecutive frames or the correlation coefficient in motion estimation. We previously showed that frame rates between 2000 and 2700 Hz were optimum for strain estimation of the murine hearts (Luo et al. 2007b) . In this paper, the frame rate of 8 kHz was used for wall motion and blood velocity estimation in the murine hearts and aortas, thus meeting the requirement of speckle tracking for both wall and blood flow.
Only the axial component of the myocardial motion and blood velocity was estimated in this study. Difficulties were identified for 2-D speckle tracking in conjunction with the ECG gating used, as previously discussed . Hearts typically undergo complicated motion in the 3-D space. The long-axis view was used because the axial aligned with the radial direction in most of the myocardium except the apex. However, the direction of the blood flow does not necessarily coincide with the axial direction of the ultrasound beam. Similarly, the radial motion of the aorta closely coincides with the axial direction of the ultrasound beam in the long-axis view. In addition to the radial motion, the aorta may also undergo longitudinal or out-of-plane motion. However, the direction of the blood flow is mainly along the longitudinal direction of the aorta, closer to the lateral direction of the ultrasound beam. In this study, to image both the wall motion and blood flow, the ultrasound incident angle of the datasets chosen was approximately 10-20 between the radial direction of the heart/aorta and the axial direction of the probe. Because of the incident angle, both the wall velocity and blood velocity were underestimated in this study, especially the blood velocity. In this study, however, the timing of the wall motion and blood velocity is more important than the accurate magnitude, because the synchronicity or coupling between the two is of interest.
The 1-D time-domain estimation method used in this work has the same angle dependence as that of Doppler methods. However, Doppler-based methods typically use small-bandwidth signals and therefore have the disadvantage of low axial resolution. Spatial resolution can be improved with shorter-and wider-bandwidth transmit pulses, but usually at the cost of less precise Doppler spectra (Hartley et al. 2004b; Newhouse et al. 1980 ). In addition, our method generates 2-D images of both wall motion and flow velocity, which provide additional spatial information.
To confirm the presence of a flow vortex, 2-D motion is necessary to calculate the vorticity, as has been done in the literature (Faludi et al. 2010; Hong et al. 2008; Kheradvar et al. 2010) . In this study, opposite flow patterns were found in both normal and infarcted hearts as well as the aneurysmal aorta. Because of the use of 1-D motion estimation in this study, the opposite flows could be the 1-D projection of a flow vortex. Therefore, these may suggest the formation of a flow vortex, which was also confirmed on the B-mode cin e-loop. The vortex will be validated in the future, once accurate 2-D motion estimation is accomplished. The correlation coefficient in the lumen was found to be lower than in the myocardium (Fig. 5 ) and in the aortic wall (not shown). There are three potential reasons for this. First, the blood velocity is much higher than the wall motion. At the same frame rate, the interframe speckle motion is thus much higher in the blood, resulting in high decorrelation. A frame rate of 8000 Hz is deemed sufficient for wall motion estimation. However, the flow may require a higher frame rate for the best estimation quality, especially in the rapid filling phase. Second, as mentioned before, only 1-D motion estimation was used in this study. The lateral motion reduces the correlation, especially in the flow, where the lateral component was much more significant as a result of the angle used (approximately 10 to 20
). Third, the sonographic signal-to-noise ratio (SNR) is much lower in the blood than in the tissue, because of fewer ultrasound scatterers in the blood.
A potential method to increase the SNR is to use contrast agents. Contrast agents have been used to improve the quality of blood flow imaging in echoparticle image velocimetry (Echo-PIV) (Faludi et al. 2010; Kheradvar et al. 2010; Sengupta et al. 2007) . Echo PIV typically uses B-mode data to estimate the blood flow. The use of RF signal instead of B-mode data provides high spatial resolution and higher precision in the estimation (Walker and Trahey 1994) . The frame rate of the Echo PIV data is also limited (usually ,100 Hz). In the future, contrast agents will be used to enhance the SNR in the blood lumen as well as in the wall. The image intensity enhancement from the contrast agents lasts more than 11 min (Li et al. 2007b) ; the use of ECG gating (2 to 7 min) should not be a major problem.
The wall motion and blood velocity in different cardiac phases in diastole (such as early diastole and late diastole) vary, as partially shown in the M-mode images (Fig. 4) . In this feasibility study, we have mainly investigated the early diastolic phase. However, comparison of different diastolic phases is of interest in future studies.
This is a feasibility study of imaging both wall motion and flow velocity with a limited number of mice and two opposite cases (i.e., normal vs. infarcted hearts with permanent LAD ligation, and normal aorta vs. aneurysmal aorta after 28-d AngII infusion). Preliminary statistical analysis was performed on normal (n 5 6) and infarcted (n 5 5) hearts, and normal (n 5 5) and aneurysmal (n 5 4) aortas, with significant differences (p , 0.001) found in both cases. In the present study, intact mice were used as controls; sham procedures were not included. An ideal study design requires the use of a group of sham-operated mice to eliminate the effects of the surgery. In the case of the LV, the murine chest can be opened and then closed, without ligating the LAD coronary artery. In the case of the abdominal aorta, mice can receive phosphate-buffered saline instead of AngII. In our previous study (Luo et al. 2009a) , no significant difference in wall motion was found between intact and sham mice. In the future, once the acquisition method is optimized, we will test the methodology on a larger population. A follow-up study after MI in mice could be performed in the future to investigate the wall motion and blood velocity change over time after leftventricular remodeling. The occlusion and reperfusion of the coronary artery could also be used to generate more complex disease models like acute ischemia and its recovery. The wall motion and blood velocity will be imaged in such models in the future. Barisione et al. (2006) have shown that AngII infusion led to rapid dilation of suprarenal aortas during the initial seven days of infusion in male apolipoprotein E (ApoE) -/-mice. Our ongoing work also includes the longitudinal study of the mice after AngII infusion to investigate the change of the wall motion and blood velocity during the progression of the aneurysm.
In this study, arterial wall velocity was estimated. Wall velocity is similar to the temporal derivative of the blood pressure (dP/dt) (Hartley et al. 2004b) . Wall velocity waveform can be integrated to generate the wall displacement and diameter waveforms, which closely resemble the blood pressure waveform (P) (Hartley et al. 2004b ). Many potentially useful vascular indices (e.g., wave intensity, wave reflection augmentation index, vascular impendence) can be generated from the vessel diameter and, similarly, from blood velocity signals (Hartley et al. 2004b) . The estimates of these vascular indices from the diameter waveform and blood velocity could be compared in both normal and aneurysmal aortas, and validated against those estimated from pressure measurements. The retrospective ECG gating techniques rely on the periodicity of the ECG signal. As such, arrhythmia could potentially limit their use. In the data acquisition, efforts were made to maintain the temperature and monitor the heart rate of the mouse. In the data processing, the ECG associated with each RF line was also analyzed. The data were rejected if the heart rate or the ECG waveform varied significantly (Cherin et al. 2006) . For the purpose of this study, ECG gating also requires that the wall motion and blood velocity are periodic. Pre-ejection times of mouse hearts, from the onset of electrical ventricular stimulation to the aortic opening, ranged from 10-20 ms depending on the mouse strain, the anesthetic used and the temperature (Hartley et al. 1995; Williams et al. 2007 ). Pre-ejection times can vary from one heartbeat to the next in mice by as much as 1 ms. With the use of ECG gating, only physiologic states with long-term stability can be assessed. For each ultrasound line, the temporal resolution is 125 mm, given the frame rate used (8 kHz). However, long acquisition times (7 min in this paper) may affect the temporal resolution. Irregular flow patterns may not be identical across cardiac cycles. The flow velocity images in Figs. 6 and 8 as well as flow velocity videos (not shown) demonstrate strong coherence along the lateral direction and over time, although a minimal spatial filtering and no temporal filtering were used. Variations of flow patterns (and wall motion) over different cardiac cycles would manifest as random noise on the 2-D images and would not be identifiable on the images. For the purpose of this feasibility study, only the wall velocity was considered. Wall motion (displacement and velocity) estimates cannot differentiate between active contraction and simple rotation or translation of the heart, or between passive tethering and active contraction. Previous studies have shown that myocardial elastography, a cardiac strain estimation method, can accurately characterize normal myocardial function throughout an entire cardiac cycle as well as detect and localize MI and ischemia in vivo (Luo et al. 2007a , Lee et al. 2011 ). In the future, myocardial deformation (i.e., strain and strain rate) could be combined with blood velocity estimation. However, the estimates of wall motion in this study and deformation in previous studies (Luo et al. 2007a ) still use the 1-D estimation. Twodimensional strain estimation is often used to overcome this limitation (Jia et al. 2009; Lee et al. 2007; Li et al. 2007a; Luo et al. 2009b; Lee et al. 2011 , Lopata et al. 2010 . Two-dimensional speckletracking methods, mostly based on B-mode images, have been available commercially in the clinic.
The mechanical scanner and ECG gating used in this paper sacrifices many of those potential advantages of simultaneous imaging of both wall motion and blood flow. These methods are useful mainly with the older Vevo 770 system, which is still used by many cardiovascular research laboratories. For human applications, imaging of both the wall motion and blood flow could be obtained by acquiring high-frame-rate data using a phased array in clinical systems and ECG gating (Wang et al. 2008) .
CONCLUSIONS
Cardiovascular wall motion and blood flow and their respective coupling were both imaged in mice in vivo. Distinct results were found between normal and infarcted hearts, and between normal and aneurysmal aortas. In contrast to the synchronous wall motion and blood velocity in the normal heart, the time delay between wall motion and blood velocity were found in the infarcted heart in the diastolic phase, i.e., the wall motion and blood velocity occurring during the isovolumic relaxation and rapid-filling phases, respectively. In the aneurysmal aorta, opposite flow patterns were depicted in the saccular region, suggesting the formation of a flow vortex. The wall motion and blood velocities in the aneurysmal aorta were found to be less synchronous than in the normal case. Imaging of both wall motion and blood velocity may thus provide important insight for the diagnosis and progression of cardiovascular disease as well as essential parameters for biomechanical modeling of the fluid-solid interaction between the blood dynamics and the cardiovascular wall mechanics. . Waveforms of wall motion and blood velocity of the AAA in one cardiac cycle (from ECG R-wave peak to next R-wave peak), taken from the regions indicated by the circles in Fig. 8d . The onsets of wall motion and blood velocity are asynchronous.
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